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Recent results from proton(deuteron)-nucleus collisions at RHIC and LHC energies have shown an unex-
pected suppression of excited quarkonium states as compared to their ground states. In particular, stronger
suppression of the ψ(2S ) relative to the J/ψ has been detected. Similar observations were made at lower ener-
gies and were easily explained by nuclear absorption. At higher energies, a similar explanation would violate the
Heisenberg principle, since the calculations based on the uncertainty principle lead to a charmonium formation
time expected to be larger than the nuclear radius, which results in identical nuclear break-up probability for
the ψ(2S ) and J/ψ. On the contrary, this behavior is naturally explained by the interactions of the quarkonium
states with a comoving medium. We present our results on J/ψ and ψ(2S ) production for d+Au collisions at√
s = 200 GeV and for p+Pb collisions at
√
s = 5.02 TeV.
PACS numbers: 13.85.Ni,14.40.Pq,21.65.Jk,25.75.Dw
Charmonium mesons have captured our attention for
decades. Due to the high scale provided by their large masses,
they are considered to be outstanding probes of Quantum
Chromodynamics (QCD). The interest in this field concerns
the issue of their production mechanisms in proton-proton col-
lisions together with their interaction with the nuclear matter
created in ultrarelativistic heavy-ion collisions.
This is so since lattice QCD calculations predict that, at
sufficiently large energy densities, hadronic matter undergoes
a phase transition to a plasma of deconfined quarks and glu-
ons, the so-called quark gluon plasma (QGP), where the QCD
binding potential is screened. Given the existence of several
quarkonium states, each of them with different binding ener-
gies, they are expected to sequentially melt into open charm
or bottom mesons above certain energy density thresholds.
Thus, the production and absorption of quarkonium in a nu-
clear medium provide quantitative inputs for the study of QCD
at high density and temperature.
The interest on quarkonium production is not restricted
to the study of deconfinement. Puzzling features in
proton(deuteron)-nucleus collision data, where the deconfine-
ment cannot be reached, reveal new aspects of charmonium
physics in nuclear reactions, namely the role of cold nuclear
matter effects.
In particular, the measurement of production rates for mul-
tiple quarkonium states, with different physical sizes and bind-
ing energies, offers an excellent tool for probing the time scale
of the evolution of heavy quark-antiquark pairs into bound
color singlet quarkonium states which represents a challenge
within QCD.
As a matter of fact, recent unexpected results on ψ(2S ) pro-
duction in d+Au and p+Pb collisions from PHENIX [1] and
ALICE [2, 3] Collaborations have shown an important sup-
pression of its yield with respect to proton-proton production.
Furthermore, this suppression is stronger than the one previ-
ously obtained for the J/ψ production. Former measurements
of J/ψ and ψ(2S ) production rates in proton-nucleus colli-
sions at lower energies by E866/NuSea [4] and by NA50 [5]
Collaborations also show a stronger suppression of the excited
state near xF ≈ 0. At those lower energies, this dissimilarity
has been interpreted as the effect of cc¯ break-up in interactions
with the primordial nucleons, the so-called nuclear absorp-
tion. When the time spent traversing the nucleus by the cc¯
pair becomes longer than the charmonia formation time, the
larger ψ(2S ) meson will be further suppressed by a stronger
nuclear break-up effect.
However, at higher energies, the charmonium formation
time is expected to be larger than the nucleus radius [6]. Fol-
lowing the uncertainty principle, the formation time is related
to the time needed –in their rest frame– to distinguish the en-
ergy levels of the 1S and 2S states, τ f = 2Mcc¯(M22S−M21S )
= 2 × 3.3
GeV / 4 GeV2 = 0.35 fm for the ψ. Moreover, this forma-
tion time has to be considered in the rest frame of the target
nucleus, i.e. the Au beam at RHIC and the Pb beam at LHC.
In this case, the formation time is increased by the Lorentz
boost factor, t f = γ τ. The boost factor γ is obtained from
the rapidity of the pair corrected by the nucleus beam rapid-
ity, γ = cosh(y − yAubeam) where yAubeam = −ln(
√
s
mN
) = −5.36 for
RHIC, resulting in a boost factor bigger than 100 at mid and
forward rapidities [6]. Consequently, in the mid and forward
rapidity regions at RHIC, t f is significantly larger than the Au
radius, t f = 36.7 fm for y = 0 and larger for forward ra-
pidities. At the LHC, for a lead beam of 1.58 TeV in pPb
mode1, yPbbeam = −8.11, which results in a boost of more than
1000 at LHC mid rapidities [7]. This implies that the chamo-
nium formation time will be larger than the Pb radius prac-
tically in the whole rapidity region. This means that the cc¯
is nearly always in a pre-resonant state when traversing the
nuclear matter, which results in identical break-up probability
for the ψ(2S ) and J/ψ, since these states cannot be distin-
guished at the time they traverse the nucleus2.
1 Due to the LHC design, the colliding beams have different energies per
nucleon, Ep = 4 TeV, EPb = 1.58 TeV, and cannot be tuned separately.
As a consequence, the centre of mass of the nucleon-nucleon collision is
shifted by ∆y = 0.465 with respect to the laboratory frame in the direction
of the proton beam [2].
2 Moreover, this nuclear absorption can be taken as negligible at the LHC
energies.
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2Other usual explanations, as the one based on the shadow-
ing of the heavy pairs due to the modification of the gluon
parton distribution functions in the nucleus, cannot be invoked
here, since the nuclear parton shadowing effects are indistin-
guishable between ψ(2S ) and J/ψ [6].
Here, we will demonstrate that the final state interactions of
the cc¯ pair with the dense medium created in the collision can
cause the puzzling anomalies seen in quarkonium production,
i.e. the stronger ψ(2S ) suppression relative to the J/ψ, within
the so-called comover scenario. In a comover framework, the
suppression arises from scattering of the nascent ψ with pro-
duced particles –the comovers– that happen to travel along
with the cc¯ pair [8, 9]. By comover interaction one means the
interaction of the J/ψ and ψ(2S ) particle with the produced
medium: the quarkonium particle is comoving with the soft
particles produced in the collision, their formation times be-
ing both boosted by Lorentz dilation. This implies that the
comovers can continue to interact well outside of the nuclear
volume, playing an important role.
Let us recall two common features of the comover ap-
proaches. First, the comover dissociation affects strongly the
ψ(2S ) relative to the J/ψ, due to the larger size of the first.
Second, the comover suppression is stronger where the co-
mover densities are larger, i.e. it increases with centrality and,
for asymmetric collisions as proton(deuteron)-nucleus, it will
be stronger in the nucleus-going direction.
In the following, we will show that taking into account
the above features we obtain a surprisingly good and coher-
ent quantitative description of the available deuteron-nucleus
and proton-nucleus data at RHIC and LHC energies. We will
apply the well established comover interaction model (CIM)
[9–14]. In this model, the rate equation that governs the den-
sity of charmonium at a given transverse coordinate s, impact
parameter b and rapidity y , ρψ(b, s, y), obeys the simple ex-
pression
τ
dρψ
dτ
(b, s, y) = −σco−ψ ρco(b, s, y) ρψ(b, s, y) , (1)
where σco−ψ is the cross section of charmonium dissociation
due to interactions with the comoving medium of transverse
density ρco(b, s, y).
In order to obtain the survival probability S coψ (b, s, y) of a
ψ interacting with comovers, this equation is to be integrated
between initial time τ0 and freeze-out time τ f . We consider
longitudinal boost invariance and neglect transverse expan-
sion since we have estimated that the transverse expansion,
unlike the longitudinal one, is a very smooth process that takes
place later3. Thus, assuming a dilution in time of the densi-
ties due to longitudinal motion which leads to a τ−1 depen-
dence on proper time, the equation can be solved analytically.
The result depends only on the ratio τ f /τ0 of final over ini-
tial time. Using the inverse proportionality between proper
3 The effect of a small transverse expansion can presumably be taken into
account by a small change of the final state interaction cross sections.
time and densities, we put τ f /τ0 = ρco(b, s, y)/ρpp(y), i.e. we
assume that the interaction stops when the densities have di-
luted, reaching the value of the p+p density at the same en-
ergy. Thus, the solution of eq. (1) is given by
S coψ (b, s, y) = exp
{
−σco−ψ ρco(b, s, y) ln
[
ρco(b, s, y)
ρpp(y)
]}
,
(2)
where the argument of the log is the interaction time of the ψ
with the comovers.
The main ingredient in order to compute the survival prob-
ability S coψ of the quarkonium due to interactions with the co-
moving medium is the density of comovers ρco. This density
is not a free parameter, since it has the constraint that the to-
tal rapidity distribution dN/dy of the observed particles must
be reproduced. We take it as proportional to the number of
collisions,
ρco(b, s, y) = n(b, s) S shco(b, s)
3
2
(dN ppch /dy) , (3)
where n(b, s) corresponds to the number of binary nucleon-
nucleon collisions per unit transverse area at a given impact
parameter, S shco refers to the shadowing of the parton distribu-
tion functions in a nucleus that affects the comover multiplic-
ity, ch refers to the charged particle density in p+p and the
factor 3/2 takes into account the neutral comovers. In order to
compute the comover densities in nuclear collisions we have
introduced the shadowing corrections that affects the comover
multiplicities [15–17]. Within this approach, a good descrip-
tion of the centrality dependence of charged multiplicities in
nuclear collisions is obtained both at RHIC [18] and LHC en-
ergies [15].
Finally, the comover density in p+p collisions is given
by ρpp(y) = 32 (dN
pp
ch /dy)/piR
2
p, where Rp is the proton ra-
dius. We apply the experimental values and theoretical ex-
trapolations [15] for the charged particle multiplicities in
proton-proton collisions. We get, at mid rapidity, the val-
ues ρpp(0) = 2.24 fm−2 at
√
s = 200 GeV [13] and
ρpp(0) = 3.37 fm−2 at
√
s = 5.02 TeV, which correspond
to the values of charged particle multiplicities dNchpp/dη = 2 at√
s = 200 GeV and dNchpp/dη = 4.5 at
√
s = 5.02 TeV.
With the numbers quoted above, one obtains for the co-
mover multiplicities the values dNcodAu/dη = 15.75 for mini-
mum bias d+Au collisions at
√
s = 200 GeV at mid rapidity,
and dNcopPb/dη = 26.4 at mid rapidity, dN
co
pPb/dη = 22.5 in the
p-going direction, 2.03 < y < 3.53, and dNcopPb/dη = 31.2 in
the Pb-going direction, −4.46 < y < −2.96, for minimum bias
p+Pb collisions at
√
s = 5.02 TeV. These values are consistent
with the experimental charged particle multiplicities [19, 20].
The only adjustable parameter of the comover interaction
model is the cross section of charmonium dissociation due
to interactions with the comoving medium, σco−ψ. It was
fixed [10] from fits to low-energy experimental data to be
σco−J/ψ = 0.65 mb for the J/ψ and σco−ψ(2S ) = 6 mb for
the ψ(2S ). The magnitude of the charmonium absorption
cross section in medium is theoretically not well under con-
trol. Different theoretical calculations of the J/ψ-hadron cross
3section based on the multipole expansion in QCD [21] differ
from those which include other non-perturbative effects by or-
ders of magnitude [22]. Moreover, its energy behavior can be
quite different. More recent theoretical calculations based on
QCD sum rules [23] or on chiral effective theory using a chi-
ral quark model [24] show a moderate increase of the cross
section with the energy above threshold. On the other hand,
an invariant dissociation cross section of charmonium on light
mesons, assumed to be energy independent, is a common fea-
ture to various comover models [25]. We are aware that it
could change when the energy increases. We do not expect
this effect to be extremely important above
√
s = 20 GeV –
well above threshold– and, since we are unable to evaluate the
magnitude of this eventual change, we have chosen to keep it
fixed to its low energy value. This value has been also success-
fully applied at higher energies to reproduced the RHIC [26]
and LHC [27] data on J/ψ from nucleus-nucleus collisions.
Note that, together with the comover interaction, another
important effect that plays a role in quarkonium nuclear pro-
duction is the initial shadowing of the heavy pairs due to the
modification of the gluon parton distribution functions in the
nucleus. It can be calculated analytically in the above men-
tioned framework or using any of the available parametriza-
tions for the nuclear parton distribution functions [7, 28]. Note
also that this effect is to be taken identical for the states 1S and
2S [6], i.e. for the J/ψ and the ψ(2S ). This nuclear modifica-
tion of the parton distribution functions will produce a com-
mon decrease of the J/ψ and the ψ(2S ) yields in the mid and
forward rapidity regions both at RHIC and LHC energies. It
can induce an increase of both yields in the backward rapidity
region.
It is now straightforward to calculate the nuclear modifica-
tion factor, i.e. the ratio of the ψ yield in proton(deuteron)-
nucleus collisions to the ψ yield in proton-proton collisions
multiplied by the average number of binary nucleon-nucleon
collisions:
RψpA(b) =
dNψpA/dy
n(b) dNψpp/dy
=
∫
d2sσpA(b) n(b, s) S shψ (b, s) S
co
ψ (b, s)∫
d2sσpA(b) n(b, s)
, (4)
where S coψ refers to the survival probability due to the medium
interactions while S shψ takes into account the shadowing of the
parton distribution functions in a nucleus that affects the ψ
production. Any nuclear effect affecting quarkonium produc-
tion leads to a deviation of RpA from unity.
Figure 1 shows the nuclear modification factor RdAu as a
function of the number of collisions Ncoll for the J/ψ and
ψ(2S ) production in d+Au collisions at
√
s = 200 GeV com-
pared to PHENIX experimental data [1]. We observe a strong
suppression of ψ(2S ) production with increasing centrality.
This suppression is a factor of 2 times larger than the observed
suppression for J/ψ production for the most central events.
The suppression due to the shadowing corrections, calculated
within the EPS09 LO parametrization [29] and identical for
FIG. 1: (Color online) The J/ψ (blue continuous line) and ψ(2S ) (red
continuous line) nuclear modification factor RdAu as a function of the
number of collisions Ncoll compared to the PHENIX data [1]. The
suppression due to the shadowing corrections (discontinuous line) is
also shown.
the J/ψ and ψ(2S ), has been taken into account. It represents
more than 50 % of the total J/ψ suppression, while the ψ(2S )
is mostly suppressed due to the comover interaction.
Note that, in order to include the shadowing, the original
analysis EPS09 LO has been used [29]. The centrality de-
pendence of shadowing is not addressed in this model. It can
be parameterized [30, 31] assuming that the inhomogeneous
shadowing is proportional to the local density ρA or the thick-
ness function TA,
RAi (b, x,Q
2) = 1 + [RAi (x,Q
2) − 1] Nρ
∫
dz ρA(b, z)∫
dz ρA(0, z)
, (5)
where b and z are the transverse and longitudinal location
in position space, ρA(b, z) corresponds to the Woods-Saxon
distribution for the nucleon density in the nucleus, related
to the nuclear profile function TA(b) by
∫
dz ρA(b, z) =
A TA(b), ρ0 is the central density, given by the normaliza-
tion
∫
d2b
∫
dz ρA(b, z) = A and RAi (x,Q
2) is the shadowing
function from EPS09 LO. Nρ is the normalization factor, and
it is chosen so that (1/A)
∫
d2b
∫
dz ρA(b, z) RAi (b, x,Q
2) =
RAi (x,Q
2)4.
We proceed now with the analysis of J/ψ and ψ(2S ) pro-
duction in p+Pb collisions at
√
s = 5.02 TeV, that offers an ex-
cellent opportunity to verify the role of comovers on quarko-
nium suppression. According to available experimental data
[2, 3], the suppression of the J/ψ shows a strong difference
between the forward and backward rapidity regions, while the
4 This scenario corresponds to what is referred to as ”1-parameter approach”
in EPS09s [32], i.e. EPS09 with an spatial (impact parameter) dependence
introduced in terms of powers of the nuclear thickness functions TA(s). The
1-parameter approach (n = 1 in the power series) agrees well with the full
EPS09s in the LO approximation, while it may introduces differences in
the slope for the NLO approximation.
4ψ(2S ) shows astonishing similar suppression in both rapidity
intervals.
FIG. 2: (Color online) The J/ψ (blue line) and ψ(2S ) (red line) nu-
clear modification factor RpPb as a function of rapidity compared to
the ALICE data [2]. The suppression due to the shadowing correc-
tions (discontinuous line) is also shown.
Note that any effect related to nuclear shadowing would
produce an slight antishadowing in the backward region while
it would induce a suppression in the forward region, these ef-
fects being identical for the J/ψ and ψ(2S ).
In fact, the experimental finding of a different suppression
for the ψ(2S ) relative to the J/ψ, in particular in the back-
ward rapidity region, is a clear indication of comover interac-
tions. Actually, the density of comovers is smaller in the for-
ward region –p-going direction– than in the backward region –
Pb-going direction–, the difference increasing with centrality,
which is easily confirmed by experimental data on charged
particle multiplicities [20]. As a consequence, the effect of
comovers –which differs on the J/ψ and ψ(2S ) case– will be
strong in the backward region, while the suppression found in
the forward region will be mainly due to the initial shadowing
of the nuclear parton distribution functions, identical in both
cases. Thus, one should expect more similar J/ψ and ψ(2S )
suppression in the forward than in the backward region.
This is illustrated in Figure 2, where experimental data
[2] on J/ψ and ψ(2S ) production in p+Pb collisions at√
s = 5.02 TeV are compared to our results. We have consid-
ered a common EPS09 LO shadowing [7, 29] for both the J/ψ
and ψ(2S ). The interaction with comovers, mostly at play in
the backward region, is able to explained the stronger ψ(2S )
suppression.
Our results for J/ψ and ψ(2S ) production versus central-
ity in p+Pb collisions at
√
s = 5.02 TeV are shown in Fig-
ure 3. Two rapidity intervals are studied, the p-going direc-
tion, 2.03 < y < 3.53 and the Pb-going direction, −4.46 < y <
−2.96. The effect of the EPS09 LO shadowing is completely
different depending on the rapidity interval considered. While
it induces an increase –antishadowing– in the backward re-
gion, it produces a suppression –shadowing– in the forward
region. On the other hand, the interaction with comovers in-
troduces a suppression, stronger in backward region due to the
higher comover density. Their effect will be more important
on the ψ(2S ) than on the J/ψ production, due to the higher
σco−ψ of the first. In fact, we obtain a nuclear modification
factor RJ/ψpPb compatible with one for the J/ψ in the backward
region resulting for the combined effect of EPS09 LO nuclear
modification together with the comover suppression, while the
total suppression of the J/ψ in the forward region achieves al-
most 50%, mainly due to the shadowing effect.
Concerning the ψ(2S ) production, we obtain a similar sup-
pression for the backward and forward rapidity regions. Note,
nevertheless, that the origin of this decrease corresponds to
different effects depending on the region of consideration: in
the backward region, there is an antishadowing identical to
one previously found for the J/ψwhich is hidden by the strong
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FIG. 3: (Color online) The J/ψ (upper figure) and ψ(2S ) (lower fig-
ure) nuclear modification factor RpPb as a function of the number of
collisions in the backward −4.46 < y < −2.96 (blue continuous line)
and forward 2.03 < y < 3.53 (red continuous line) rapidity inter-
vals. The modification due to the antishadowing corrections in the
backward region (blue discontinuous line) and to the shadowing cor-
rections in the forward region (red discontinuous line) is also shown.
5effect of comover suppression in this region; on the other side,
in the forward region, both the shadowing and a limited co-
mover effect contribute to the suppression.
The ratio of both nuclear modification factors, i.e.
Rψ(2S )pPb /R
J/ψ
pPb, also defined as the double ratio
[ψ(2S )/J/ψ]pPb
[ψ(2S )/J/ψ]pp
, is
shown in Figure 4 for the backward and forward rapidity re-
gions. In this double ratio the corrections due to the modifi-
cation of the nuclear parton distribution functions cancel, and
only comover interaction is at play.
We obtain a double ratio lower than one in both rapidity re-
gions, due to the stronger effect of the comovers on the ψ(2S ).
Moreover, this decrease below one is more pronounced in
the backward rapidity region due to higher comover density
which produces stronger dissociation on the ψ(2S ), due to its
higher interaction cross section.
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FIG. 4: (Color online) The ratio of the ψ(2S ) over J/ψ nuclear mod-
ification factors Rψ(2S )pPb /R
J/ψ
pPb as a function of the number of collisions
in the backward −4.46 < y < −2.96 (blue continuous line) and for-
ward 2.03 < y < 3.53 (red continuous line) rapidity intervals. .
In the above results, the freeze-out time, τ f , is normal-
ized by means of the pertinent density in p+p collisions at
the corresponding energy. This leads in our approach to sim-
ilar interaction times for RHIC d+Au and LHC p+Pb colli-
sions. It harmonizes with the fact that the d+Au and p+Pb
systems, according to HBT measurements, are comparable in
size [33, 34].
However, as a limiting case and in order to take into account
the possibility of a longer interaction time in the p+Pb case,
we have also calculated the suppression if the p+Pb freeze-out
density is decreased by a factor of 2, i.e. increasing the life-
time of a fireball by a factor of 2. We find that this could
induce a stronger suppression, in particular for the excited
states. This additional suppression will depend on the central-
ity of the collision and will be more important for the ψ(2S )
than for the J/ψ. In particular, while an additional 5% over the
original suppression value is obtained for the J/ψ, the effect
on the ψ(2S ) is of the order of 30%.
In conclusion, we have performed a detailed study of
J/ψ and ψ(2S ) production in d+Au and p+Pb collisions at√
s = 200 GeV and
√
s = 5.02 TeV respectively. From our
point of view, the available data constitute experimental con-
firmation of the interaction of fully formed physical quarko-
nia with the produced particles –the comovers– that happen to
travel along with the cc¯ pair.
At the studied energies and rapidities, most of the physical
bound states are formed well outside the target nucleus due to
the Lorentz dilation of the formation times –in other words,
the incoming nucleus is contracted by the Lorentz factor–.
This implies that the nucleons have swept over the nascent
charmonium state, resulting in a nuclear absorption that can
contribute little to the charmonium suppression, and cannot
account for the difference between the J/ψ and the ψ(2S )
yields.
On the other hand, the comovers can continue to inter-
act well outside of the nuclear volume, playing an important
role. The J/ψ and ψ(2S ) produced outside the nucleus are
surrounded by a dense system of hadrons (mainly pions) and
converts into open charm due to interactions in the medium.
In particular, the comover suppression can explain the rel-
ative modification of the ψ(2S ) to the J/ψ, Rψ(2S )pPb /R
J/ψ
pPb, in
proton(deuteron)-nucleus collisions at RHIC and LHC ener-
gies. Other cold nuclear matter effects, as the nuclear modifi-
cation of the parton distribution functions, cannot account for
this difference either since they impact similarly the J/ψ and
the ψ(2S ) .
The comover effect, found to be of the order of 10% in
proton-nucleus collisions at SPS energy, increases with the
total particle multiplicity and achieves significant influence in
proton(deuteron)-nucleus collisions at RHIC and LHC ener-
gies, in particular in the A-going direction.
Our initial comover densities are proportional to the num-
ber of created hadrons. In the transverse space, these den-
sities, for minimum bias collisions, i.e. averaged over b, in
the mid rapidity region are: ρco ≈ 4 fm−2 for p+Pb colli-
sions at 5.02 TeV, and ρco ≈ 2.5 fm−2 for d+Au collisions at
200 GeV. These numbers agree with the multiplicities quoted
above when they are divided by the transverse area over which
comovers are produced, which corresponds to the collision
overlap area, approximately equal to σinelpp = 70 mb for p+Pb
collisions at 5.02 TeV, and σ = pi R2d for d+Au collisions at
200 GeV. In this later case, due to the asymmetric nature of
the deuteron in itself, this overlap area can range between one
to two times the p+p value at 200 GeV (σinelpp = 40 mb). We
take R2d = 3.2
2/3 fm2 [35, 36] resulting in σ = pi R2d = 68 mb at
200 GeV. Note that our size parameters are very similar to the
experimental HBT radii [33–35, 37] and to other theoretical
estimates [36, 38, 39].
In order to put these quantities into context with equilibrium
matter, it is interesting to study the 3-dimensional densities of
comovers, which correspond simply to ρco(τ) = ρco/τ. Tak-
ing τ0 = 1 fm, equivalent to the formation time for the soft
particles, one obtains 3-dimensional initial densities of the or-
der of 4 fm−3 in p+Pb LHC collisions and 2.5 fm−3 in d+Au
RHIC collisions. These estimates can be compared with the
6estimate of the particle density in a quark-gluon plasma [40],
n = g
pi2~3
T 3 where g is the number of degrees of freedom
(spin+colour+flavour), 16 for gluons and 24 for light u and
d quarks, i.e. g ≈ 40. Lattice QCD predicts that the transition
to the quark- gluon plasma occurs near Tc ≈ 190 − 170 MeV
[41]. Since ~c = 197 MeV fm, one obtains n ≈ 3.75 − 2.60
fm−3 at Tc. One sees that the system is above the critical den-
sity only in p+Pb LHC collisions if τ < 1 − 1.5 fm. In other
words, the lifetime of an eventual quark-gluon plasma would
be approximately 1 fm.
We are aware of the existence of hints of collective effects
in p+Pb collisions at 5.02 TeV. In particular CMS [42, 43]
and ALICE [44] Collaborations reported a near-side ridge, i.e.
enhanced emission of particles with similar azimuthal angles
and different pseudorapidities developing in high-multiplicity
p+p and p+Pb collisions, that can be associated with hydro-
dynamic flow. When a fireball of strongly interacting matter
is formed, azimuthal correlations due to collective flow ap-
pear in the interaction. The interpretations are mostly based
on collective harmonic flow [45] or on the color-glass conden-
sate approach for the initial state [46, 47]. Moreover, in [48],
final-state hot medium effects, inspired on the formation of a
quark-gluon plasma, have been proposed to study the quarko-
nium production in p+Pb collisions at 5.02 TeV.
Here we propose another mechanism, the final state inter-
actions with comovers. It should be stressed that the interac-
tion of comovers at the early time τ0 involves large densities,
which appear high for free mesons. Hadronic matter in this
situation is certainly far away from the ideal pion gas, but can
be approximated as pre-hadrons or dressed mesons [49], i. e.
spectral densities with the quantum numbers of the hadronic
states that show up at high energy density, above 1 GeV fm−3.
As known from lattice QCD [50–53], the correlators for pi-
ons can survive above this energy density. Such mesons are
expected to have a more compact size in space.
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